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Abstract: Digital microfluidics (DMF) is a versatile fluid
handling tool that is widely used in the biochemical field.
There are very high requirements for the volume of single
droplet in many biochemical applications. Droplet dis-
pensing and splitting are twomain operations to generate
a single droplet in DMF. Therefore, the generation of dro-
plets with high volume precision and accuracy in the
two droplet operations is one of the keys to the efficient
application of DMF in biochemical analysis. We have
developed a novel droplet dispensing and splitting scheme
where electrode geometry is optimized. The liquid column
can contract in a regular shape, which keep the neck
shape uniform and stable, and the position of pinch-off
point was fixed; meanwhile, the liquid tail is eliminated
before pinching off, so that the precision and accuracy of
droplet volume were greatly improved. The increase in the
radius of the cutting electrodes elongated the droplet neck
and increased the neck curvature at the pinch-off point,
which further effectively improved the precision and accu-
racy of droplet volume. The optimized droplet splitting
scheme can also be applied to the droplet splitting with
unequal volume effectively.

Keywords: digital microfluidics, electrode geometry opti-
mization, dispensing, splitting, volume precision, volume
accuracy

1 Introduction

Digital microfluidics (DMF) for microdroplet control has
been widely used in the fields of biology, medicine, ana-
lytical chemistry, food safety, and environment [1–3].
DMF has the capacity to address each droplet individu-
ally with no need for complex networks of channels,
pumps, microvalves, or mechanical mixers [4]. The dro-
plets containing cells, proteins, DNA, or other reagents
can be manipulated on a centimeter level planer chip for
various analysis and detection in routine biomedical
laboratories, which is termed as on-chip experiment. In
all applications, on-chip experiments usually consist of a
series of droplet operations, including droplet dispen-
sing, transporting, mixing, splitting, and online or offline
detections. DMF has the capacity to address each droplet
individually [4]. It can effectively avoid the cross-con-
taminations, greatly reduce reagent and/or sample con-
sumption and the time of biochemical reactions, and
achieve precise quantitative control. In DMF devices, dis-
crete droplets are typically manipulated by applying a
series of electrical potentials to an array of electrodes
coated with a dielectric layer and a hydrophobic layer,
which is referred to as EWOD, one of the most commonly
actuation mechanisms.

DMF chips have two different configurations (Figure 1):
the closed configuration [5] and the open configuration [6].
Due to dynamic reconfigurability, different droplet opera-
tions can be implemented in different time span on the
same set of electrode cells. Also, the same droplet operation
can also be relocated onto other position in the array in
another time span with dynamic reconfigurability [7,8].

All operations in DMF are performed for single or
multiple working droplets. The volume of a working dro-
plet is very important because it has great influence on
many parameters such as flow rate, concentration, and
energy conversion of itself. Therefore, there is a pressing
need to improve volume precise and accuracy of a single
droplet in the on-chip experiments. Volume precision
(i.e., reproducibility) of the droplet refers to the volume
consistency of droplets that are repeatedly generated
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under the same conditions, which is defined by the mean
and the standard deviation of a group of droplet volumes
(usually no less than ten measurements). The higher the
volume precision, the lower the volume inconsistency.
Herein, volume inconsistency is used to evaluate volume
precision. Relative standard deviation (RSD) (standard
deviation divided by the mean) is commonly used to indi-
cate the volume inconsistency in practical analysis. In
some applications such as drug discovery, the required
RSD should be less than 10%, preferably less than 5%,
while the requirement is more stringent for microdialysis
applications, with an RSD of below 2% [9,10]. Volume
accuracy of the droplet refers to the closeness between
the actual generated volume of a single droplet and its
target volume. The higher the volume accuracy, the lower
the inaccuracy. Herein, the inaccuracy is defined by the
relative error (RE) between the volume mean of droplets
that are repeatedly generated and the target volume and
calculated as follows:

RE VM TV TV,( )= − / (1)

where VM is the volume mean of droplets and TV is the
target volume. For most applications, it is appropriate to
control the volume inaccuracy within 5% [9].

There are two ways to generate a single droplet in
DMF: droplet dispensing and droplet splitting. In the
basic droplet operations of DMF, dispensing and splitting
are more difficult to implement than transporting and
mixing, because they require specific criteria in terms of
electrode geometry and electrical aspects [7]. Droplet dis-
pensing is often the first step in the on-chip experiments.
The volume of the initial droplet is controlled by the dis-
pensing operation, which greatly affects the accuracy of
subsequent droplet operations. As far as I know, three
droplet dispensing schemes have been reported so far.
The first one is to dispense working droplets directly
from the reservoir [2,11,12], the second one uses an addi-
tional syringe pump with precise volume control for dro-
plet dispensing [13,14], and the third one is to perform

dispensing operation through capacitance feedback
[10,15–17]. In the direct dispensing scheme, the droplet
volume is affected by many factors among which the
geometry of the electrodes used for the droplet dispen-
sing and their location settings are two main factors. In
DMF chips, square electrodes are usually used for dispen-
sing operation. Although it is relatively simple to implement,
it is difficult for square electrodes to dispense droplets
with high volume precision and accuracy. Cho et al. intro-
duced two side electrodes on both sides of the main
fluid path to fix the position of pinch-off point, thereby
improving the volume consistency of the dispensed dro-
plets [7]. Yaddessalage designed a TCC reservoir [18] and
Nikapitiya et al. proposed a L-junction reservoir [19] to
obtain the droplet with high volume precision and accu-
racy, but the same problem exists in the two electrode
optimization schemes, that is, the control of the elec-
trodes is too complicated in the droplet dispensing pro-
cess. The use of the external syringe pump can effectively
reduce the volume error of the dispensed droplet below
1%, but it not only increases the control complexity, but
also is not conductive to efficient integration, which
limits its application. The dispensing scheme with capa-
citance feedback can effectively reduce droplet volume error,
but the introduction of capacitance feedback increases the
complexity of DMF system. Therefore, we still focus on the
direct droplet dispensing scheme in this work.

Droplet splitting plays an important role in dilution
and concentration of droplets and separation of particles
from droplet, which facilitates the application of DMF
chip in the field of biochemical analysis. In the traditional
three-square-electrode splitting scheme, the volumes of
the two child droplets are unequal and the error is large
due to the initial position of the mother drop deviating
from the center of the middle electrode and its uneven
shrinkage. Nikapitiya et al. proposed a Y-junction split-
ting unit so that it preformed symmetric and faster dro-
plet splitting and the volume inconsistency of two child
droplets is much less than 1% [19]. However, the opti-
mized scheme has two disadvantages: one is that the
control of the electrodes is complex and the other is
that the droplet splitting operation can only be carried
out in a single direction. Dong et al. designed a 3D micro-
blade structure for precise and parallel droplet splitting
[20], but the chip fabrication process was complex and
the driving voltage was too high. Table 1 summarizes
the above-mentioned studies that have been reported to
improve the volume precision and accuracy of the dis-
pensed or split droplets.

Therefore, based on the principle of not increasing
the difficulty of fabrication process and integration of the

Figure 1: Side-view schematics of closed (left) and open (right)
configuration.
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DMF chip, we optimized the geometry of the electrodes
used for droplet dispensing and splitting to improve
the volume precision and accuracy of a single droplet
and compared the droplet volume before and after
optimization.

2 Basic principles of electrode
optimization

Droplet dispensing process is very similar to droplet split-
ting, but the former is much more challenging. In tradi-
tional direct dispensing scheme, a square reservoir stores
a large amount of liquid, and small droplets can be dis-
pensed from it by electrowetting-on-dielectric (EWOD),
as shown in Figure 2a. First, the electrodes have to be
activated sequentially from left to right to pull out a
liquid column from the reservoir and onto the target dis-
pensing electrode; and then, the target dispensing elec-
trode and the reservoir electrode are activated while the
electrodes between them are deactivated; finally, a dro-
plet is dispensed just at the target dispensing electrode.
Figure 2a(3–5) show three different dispensing positions.

It is found that the dispensing process was unstable. Ide-
ally, the liquid should contract symmetrically in the arc-
shape manner and pinch off at the equilibrium. However,
the liquid column cannot contract and cut off as desired
in the actual dispensing operation due to the imperfect
surface of the DMF chip and the rapid pinch off at the
neck. Moreover, even if the size of the dispensing elec-
trode at different location is the same, the length of the
liquid tail is inconsistent and the volume is changed
due to the inconsistent length of the liquid column drawn
from the reservoir and the unfixed position of the pinch-
off point. After the droplet is pinched off, the liquid tail
with variable volume is added to the dispensed droplet,
which results in the actual volume of repeated dispensed
droplets to be inconsistent and larger than that of the
target electrode. In the dispensing operation, the volume
corresponding to the target electrode is the target volume,
which is equal to the product of the area of the target
electrode and the spacing between the top and bottom
plates. Therefore, the most direct way to improve the
volume precision and accuracy of the dispensed droplets
is to increase the stability of the droplet generation pro-
cess. To achieve this goal, a set of electrodes used for
dispensing should meet the following three criteria:

Figure 2: Droplet dispensing and splitting scheme. (a and b) Traditional dispensing and splitting scheme with square electrodes. (c) Ideal
droplet separation concept and its evolution. (d) Optimized droplet dispensing scheme. (e) Optimized splitting schemes. The activated
electrode is shown in red, while the deactivated electrode is shown in green.
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(1) the liquid column can contract in a regular shape;
(2) shorten the length of the liquid tail as much as pos-

sible, and if possible, eliminate the liquid tail com-
pletely, which requires the contraction shape to be
the same as that of the dispensing electrode;

(3) the liquid column can be pinched off at a fixed
position.

Droplet splitting also has some problems similar to
droplet dispensing. When the initial center of the mother
droplet deviates from the center of the cutting electrode,
its coverage area on the activated electrode at both ends
is unequal, so the electrowetting forces acting on both
sides of the mother droplet are not uniform, resulting in
splitting into two child droplets with unequal volume. If
the initial center of the mother droplet deviates too much
from the center of the cutting electrode, the mother dro-
plet is even pulled to one side, so that the splitting opera-
tion cannot be implemented. Further, the huge EWOD
force leads to the rapid splitting of the mother droplet,
so that the middle area of the droplet may not become a
thin neck and a small residue may be left on the middle
electrode after splitting [22,23]. Therefore, whether it is
the dispensing operation and the splitting operation,
there is a pressing need to optimize the traditional dis-
pensing and splitting scheme with square electrodes to
improve the volume precision and accuracy of the gener-
ated droplets.

In the process of droplet dispensing and splitting,
since the left and right electrodes covered by the initial
droplet are activated and the middle electrode is deacti-
vated, the two ends of the droplet are hydrophilic while
the middle part is hydrophobic, which inevitably causes
the droplet to be elongated along the longitudinal direc-
tion and the meniscus on the middle electrode begins to
contract so as to keep the volume of the initial droplet
constant. Therefore, the droplet dispensing and splitting
operations are caused by droplet elongation in the long-
itudinal direction and the necking (the neck curvature Rc

is negative [7]) in the middle. According to the Laplace
pressure equation, there are Pr − Pa > 0 and Pd − Pa > 0 at
both ends of the droplet, and Pc − Pa < 0 at the neck. As a
result, the droplet is subjected to a pair of dewetting
forces (Fdw) that exert a squeezing effect at the neck,
while it is subjected to a pair of electrowetting forces
(Few) playing a pulling effect at the two sides, as shown
in Figure 2a(5) and 2b. Therefore, the increases in the
neck length and the neck curvature favor dispensing
and splitting. Beside, the small spacing between the top
and bottom plate is also conducive to droplet separation
[7,21]. However, the elongation of neck will inevitably

increase the length of the liquid tail in traditional scheme,
which will decrease the precision and accuracy of the
generated droplet. Therefore, how to optimize the elec-
trode geometry to increase the neck curvature and elon-
gate the neck without increasing the tail length is critical
to achieve high-performance droplet dispensing and
splitting operation. We believe that pinching off the dro-
plet along the diagonal of square electrode is more sui-
table for the two droplet operations, as shown in Figure
2c(1 and 2), which is consistent with the ideal droplet
separation concept in the literature [19]. Such a droplet
separation strategy can fix the position of the pinch-off
point, which satisfies the third criterion. On this basis,
the electrode shape was further optimized. As can be seen
from Figure 2a and b, the contour shape of the droplet at
the neck is like an arc. To ensure that the droplet can
always contract in a regular shape, the shape of the elec-
trode is optimized as a circular arc, which also nearly
eliminates the liquid tail after the droplet pinching off,
as shown in Figure 2c(3 and 4), which makes the droplet
separation satisfy the first two criteria. Therefore, a dro-
plet dispensing scheme (Figure 2d) and a droplet splitting
scheme (Figure 2e) were designed. In the following, the
optimized droplet dispensing and splitting schemes are
verified by experiments and compared with the traditional
dispensing and splitting schemeswith square electrodes in
terms of the precision and accuracy of the generated
droplets.

3 Methods

3.1 DMF chip fabrication and system
integration

The chip was fabricated by our recently developed rapid
prototyping technology [24] for DMF. The array of pat-
terned electrodes was designed by vector drawing soft-
ware, and then converted into 1-bit TIF diagram that was
input into a microelectronic circuit printer (BroadJET
L3000, Beijing BroadTeko Intelligent Technology Co.,
Ltd). The electrode layer was formed by inkjet printing
nanosilver particle conductive ink on PET sheet. In order
to improve the conductivity, multilayer printing mode
was adopted, and then the printed substrate was sintered
at 120°C for 30min in an electric thermostatic drying oven
after the last printing. The PMP cling wrap was used as
the dielectric layer. The cling wrap was cut to the required
size, and then Teflon® AF 1600 was curtain-coated on it

Electrodes for precise and accurate droplet dispensing and splitting  861



with a disposable plastic dropper. The printed PET sub-
strate was fixed onto the glass slide to ensure the flatness
of the flexible DMF chip, and then the cling wrap coated
with Teflon® AF was tightened and adhered onto the glass
slide with double-side tape until there is no wrinkle to
form the dielectric and hydrophobic layer. To guarantee
that the cling wrap can be tightly attached to the electrode
surface without air bubbles, a thin layer of silicone oil was
spread onto the electrode array and the substrate before
cling wrap was taped on the glass slide. As the top plate,
ITO-coated glass slide was immersed in Teflon® AF so that
a layer of Teflon can be deposited on the surfaces of the top
plate. Double-side tape is used as a spacer to control the
spacing between the top and bottom plates.

Since the droplets are in between parallel plates with
a small spacing during all the experiments, generated
droplets can be approximately regarded as a cylinder.
The volume of generated droplets can be calculated by
the product of the spacing between the top and bottom
plates and the contact area of the droplet on the top plate
(i.e., the footprint area). The top view of the droplets
was captured by an industrial camera (the frequency
of image capture is 60fps), and then the images were
imported into the image processing software (Image J)
for calculating the footprint area. In addition, a 32-bit
relay control board was used as a switching device to
realize on-off control of each electrode to implement all
droplet operations.

3.2 Test and control methods

The precision and accuracy of droplet volume in tradi-
tional dispensing and splitting schemes with square elec-
trodes, an optimized dispensing scheme, and an optimized

splitting scheme have been investigated. In all the experi-
ments, ten droplets were dispensed or split in turn, and the
volume of the generated droplets was calculated. The area
of traditional square reservoir electrode is 2.5mm2 × 2.5mm2,
and that of all small square electrodes is 1mm2 × 1mm2. For
the optimized dispensing scheme, the area of reservoir elec-
trode is about 6.24mm2. The liquid in all experiments is
potassium permanganate solution.

For the dispensing operation, the electrode control
method in the traditional scheme and the optimized
scheme is shown in Figures 2a and 3a, respectively. In
the latter, the electrodes R, A1, S1/S2, and A2 were acti-
vated in sequence, and the liquid column was pulled out
from the reservoir by electrowetting force until these elec-
trodes were filled with the liquid; and then the electrodes
R, A1, and A2 were activated while the cutting electrodes
S1 and S2 were deactivated, and two dewetting menisci
moved toward each other to form a neck until the neck
contracted to be pinched off, generating a droplet at the
dispensing electrode A2.

In practical biochemical analysis, two or more dro-
plets are often mixed and then split according to actual
demand. All the splitting experiments were carried out
according to the principle that the droplets were mixed
first and then split, so it could not be guaranteed that the
mother droplet to be split was completely located at the
center of the cutting electrode, and its initial position was
not deliberately adjusted during the experiment. For the
splitting operation, two electrode control modes were
used in the traditional scheme. Mode I was to directly
activate the splitting electrodes on both sides of the
mother droplet, while the middle cutting electrode was
deactivated; mode II is to activate the three electrodes at
the same time, and then deactivate the middle electrode
after the mother liquid droplet was elongated (Figure 3b).
In the optimized splitting scheme, after mixing the initial

Figure 3: Electrode control mode in droplet dispensing and splitting schemes: (a) Optimized droplet dispensing scheme; (b) traditional
droplet splitting scheme with square electrodes; (c) optimized droplet splitting scheme.
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two droplets into a mother droplet by activating cutting
electrodes S1 and S2, activated splitting electrodes A1 and
A2 while deactivated S1 and S2 to split it, generating two
child droplets, as shown in Figure 3c.

4 Results and discussion

4.1 Droplet dispensing

Figure 4(a–f) demonstrates the droplet dispensing pro-
cess using the optimized electrode scheme in which the
radius of the semicircular cutting electrodes is 0.7 mm.
The sequential activation of the electrodes created a con-
tinuous electrowetting force that pulled a liquid column
out of the reservoir. Once the dispensing electrode was
filled with the liquid, two cutting electrodes were deacti-
vated, so that two dewetting menisci contract inward and
the neck width gradually decreased. We can observe from
Figure 4e that the shape of the two dewetting meniscus
after complete contraction was consistent with that of the
cutting electrode, which allows the neck contraction
shape to remain stable and uniform, forcing the liquid
column to be pinched off at a fixed point. As a result, a
droplet with high volume precision and accuracy was
generated at the dispensing electrode(Figure 4f). Figure
4g–j show the process of dispensing the fifth and tenth
droplet. To further analyze the performance of the opti-
mized dispensing scheme, the cutting electrodes with the
radius of 1.2, 1.6, and 2.0 mm were used to dispense dro-
plets from the reservoir, as shown in Figures 5–7.

Figure 8 summarizes the volume analysis results of
droplet dispensed from the reservoir using the optimized
scheme and the traditional scheme. The volume error of
the droplets dispensed by the square electrodes is nearly
9%, and the average volume is about 27% more than the

target volume, and the maximum error is as high as about
41%. After the optimization of the electrodes, the volume
precision and accuracy are greatly improved. For the cut-
ting electrode radius of 0.7, 1.2, 1.6, and 2.0mm, the
inaccuracy of droplet volume is about 2.74, 2.14, 1.58,
and 1.33%, respectively, while the inconsistency is about
1.60, 1.05, 0.819, and 0.532%, respectively. The neck
length increases with the increase in the radius of the
cutting electrode, and the volume of the droplets actually
dispensed fluctuates less, so the volume precision and
accuracy are improved. Furthermore, the increase in the
radius of the cutting electrode causes the liquid column
to be stretched longer during the pinch-off process, and
the shape of the neck becomes more and more consistent
with that of the cutting electrode, so that the neck
becomes thinner and the droplets are more likely to be
pinched off. One-way analysis of variance (one-way
ANOVA)was used to analyze whether the cutting electrode
radius has a significant influence on the droplet volume.
The significance level (α) of the difference between the
average values was set to 0.05 and multiple comparison
analysis was performed. From the F-test critical value
table, the F critical value with degrees of freedom (3,36)
can be obtained as F0.05(3,36) = 2.866. As shown in Figure
8, F ≫ F0.05(3,36), and the significance value p between
any two radius groups is less than α, which indicates that
there are significant differences between the four cutting
electrode radius groups. Therefore, the radius of the cut-
ting electrode has a significant influence on the droplet
volume.

For the four selected radii of the cutting electrode,
even for the smallest radius (0.7 mm), the precision and
accuracy of the dispensing droplet volume are much
higher than those of the traditional square electrodes,
which indicates that the optimized dispensing scheme
has distinct advantages and the increase in the neck
length is more conducive to droplet dispensing. The

Figure 4: Series of video frames displaying the process of dispensing a droplet from a reservoir using the optimized electrodes scheme with
the cutting electrodes radius R = 0.7 mm; (a–d) A liquid column was drawn from the reservoir as the electrodes are activated in turn;
(e) Cutting electrodes were deactivated to form a neck; (f) The first droplet was generated at the dispensing electrode; (g and h) The fifth
droplet was dispensed; (i and j) The tenth droplet was dispensed.
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significant improvement in droplet dispensing perfor-
mance in the optimized scheme is mainly attributed to
the stability of the dispensing process, that is, the fixed
position of the pinch-off point, the elimination of the liquid
tail, and the consistent contraction shape of the neck.

4.2 Droplet splitting

The performances of the traditional splitting scheme with
square electrodes and the optimized droplet splitting
scheme were compared through experiments. For the tra-
ditional splitting scheme, it was found that the droplet

was often pulled to one side in the electrode control mode
I. This is mainly because the coverage area of the mother
droplet on the two adjacent electrodes is unequal in the
initial state. Once the splitting electrodes on both sides
are activated, the electrowetting force acting on the
mother droplet is not balanced, causing it to flow toward
the side with a larger coverage area. The electrode control
mode II is slightly better than the mode I. This is because
the three electrodes can be activated simultaneously to
elongate the droplet, and the coverage area of the elon-
gated droplet on the adjacent electrodes on both sides
increases; after the middle cutting electrode is deacti-
vated, the part of the mother droplet that is not controlled

Figure 5: Series of video frames about droplet dispensing using the optimized electrodes scheme with the cutting electrodes radius
R = 1.2 mm (Video S1); (a–f) The first droplet was generated; (g and h) The fifth droplet was dispensed; (i and j) The tenth droplet was
dispensed.

Figure 6: Series of video frames about droplet dispensing using the optimized electrodes scheme with the cutting electrodes radius
R = 1.6 mm; (a–f) The first droplet was generated; (g and h) The fifth droplet was dispensed; (i and j) The tenth droplet was dispensed.

Figure 7: Series of video frames about droplet dispensing using the optimized electrodes scheme with the cutting electrodes radius
R = 2.0 mm (Video S2); (a–f) The first droplet was generated; (g and h) The fifth droplet was dispensed; (i and j) The tenth droplet was
dispensed.
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by the electrodes decreases, so that the droplet state is
relatively more stable. In both cases, the shape of the
neck formed in the middle of the mother droplet is
unstable after the middle electrode is deactivated, and
the position of the pinch-off point is not fixed. Therefore,
the two child droplets are not equal in volume and there is
also a large volume inconsistency.

Figure 9 depicts the process of splitting a mother
droplet into two child droplets with the optimized electrodes

scheme in which the radius of the cutting electrodes is
0.7, 1.2, 1.6, and 2.0 mm, respectively. Figure 10 compares
and analyzes the experimental results of the traditional
and optimized splitting scheme. It can be seen that the
volume inconsistency of the child droplets in the two
modes of the traditional splitting scheme is very high,
but the mode II is slightly better than the mode I. Com-
pared with the traditional scheme, the optimized splitting
scheme can provide better splitting performances in

Figure 8: The volume of the dispensed droplets for optimized electrodes and traditional square electrodes.

Figure 9: Series of video frames displaying the process of splitting a mother droplet into two child droplets using the optimized electrodes
scheme; (a–f) The cutting electrodes radius R = 1.2 mm; (g and h) The cutting electrodes radius R = 0.7 mm; (i and j) The cutting electrodes
radius R = 1.6 mm (Video S3); (k–m) The cutting electrodes radius R = 2.0 mm (Video S4).
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terms of volume precision of a single child droplet and
the volume consistency of two child droplets. The volume
inconsistency of the single child droplet decreases seven
times from 13.3 to 1.8%. Moreover, the volume precision
of the child droplet improves with the increase in the
neck length, which is similar to that of droplet dispen-
sing. Figures 9 and 10 clearly confirm that the success of
the optimized splitting scheme to split droplets with high
volume precision lies in the fact that it not only manages
to significantly eliminate the liquid tail, but also that the
contraction shape of the mother droplet closely resem-
bles that of the cutting electrodes, and more importantly,
that it can also fix the position of the pinch-off point. As a
result, the volume of the two child droplets is almost
equal. The one-way ANOVA is also used to analyze
whether the cutting electrode radius has a significant
effect on the volume of the split droplet. The significance
level α is also set to 0.05. As shown in Figure 10, F >
F0.05(3,36) and p < α, which indicate that there are sig-
nificant differences between the four cutting electrode
radius groups in the optimized droplet splitting scheme.
Therefore, the radius of the cutting electrode has a sig-
nificant effect on the volume of the split droplet.

It was found in the splitting experiments that as the
radius of the cutting electrode increases, two droplets
might move onto the two cutting electrodes separately
and the mixing operation cannot be completed if the
volume of the droplet before mixing was a little small
(Figure 9m). Therefore, the appropriate cutting electrode
radius should be selected according to the actual demand
for the volume of the child droplets after splitting in prac-
tical applications. Even for the cutting electrode with a
radius of 0.7 mm, the volume inconsistency of the child
droplets is lower than the requirement for rigorous bio-
chemical applications (<2%).

The optimized splitting electrodes not only have
excellent applications in the droplet splitting with equal
volume, but also can be used for the droplet splitting with
unequal volume. In Figure 11a, the volume ratio between
target 1 and target 2 of two child droplets in the unequal
volume splitting scheme with the cutting electrode radius
R = 0.7 mm was 57.3:42.7, while it was 56.8:43.2 in the
scheme with the cutting electrode radius R = 1.2 mm.
Figure 11b–h show the unequal volume splitting process
by using two types of different cutting electrode radii
(Video S5). Similar to the droplet splitting with equal

Figure 10: The volume of the child droplets for optimized splitting electrodes and traditional square splitting electrodes. The child droplet 1
refers to the larger one, while the child droplet 2 refers to the smaller one.
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volume, the increase in neck length effectively decreases
the volume inconsistency of the two unequal child dro-
plets (both less than 2%), and the actual volume ratio of
the two child droplets becomes closer to the target volume
ratio (Figure 11i). According to one-way ANOVA, F > >
F0.05(1,18) = 4.414 and p < α = 0.05, where F0.05(1,18)
denotes the critical value of F with the significance level
α = 0.05 and the degree of freedom (1,18). Therefore, the
cutting electrode radius also has a significant effect on the
volume of the child droplet with unequal splitting.

4.3 Comparison with the reported scheme

As mentioned earlier, some studies have proven that a
variety of methods can be used to improve the volume
precision and accuracy of a single working droplet, such
as optimizing the chip structure or shape and layout
of dispensing and splitting electrode, and introducing

capacitive feedback systems, etc., as shown in Table 1.
Except for the method proposed in the literature [19], the
optimization scheme of the dispensing and splitting elec-
trodes proposed in this paper is equivalent to the litera-
tures [15,16,18,20] in terms of optimization performance,
i.e., volume precision and accuracy, but is superior to the
methods in the literatures [17,21]. All the chips used in the
experiment in Table 1 are processed by microprocessing
techniques such as photolithography, so the width of
electrode wires on these chips is often less than 100 μm.
However, the electrode layer on the chip used in this
paper is fabricated by inkjet printing. Due to the charac-
teristics of inkjet printing technology, although the width
of the electrode wires is designed to 150 μm, the actual
value is greater than 150 μm [24]. In the experiments, it
was found that the larger width of the electrode wire
leads to the electrode wire corresponding to the dispen-
sing and splitting electrode to trap a portion of the liquid
during the process of dispensing and splitting. Therefore,

Figure 11: Droplet splitting with unequal volume using the optimized electrodes scheme; (a) Two types of optimized electrodes in which the
cutting electrode radius was 0.7 and 1.2 mm, respectively; (b–f) Series of video frames displaying unequal splitting using the cutting
electrode with a radius of 0.7 mm; (g and h) Series of video frames displaying unequal splitting using a cutting electrode with a radius of
1.2 mm; (i) The volume of the child droplets for two optimized splitting electrodes. The child droplet 1 and 2 correspond to the droplet split
on target electrode 1 and 2, respectively.
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it is the electrode wire with larger width that reduces
the volume precision and accuracy of the dispensed
and split droplets. Although decreasing the wire width
can improve the volume precision and accuracy of the
droplets, it will reduce the conductivity of the electrode
wires and increase the driving voltage for the droplet
operations [24]. Therefore, the width of the electrode
line in the paper was set as 150 μm in order not to
increase the droplet operating voltage. It is because of
the wider electrode wire that the volume precision and
accuracy of the droplet by the electrode optimization
scheme proposed in this paper is less than that of the
literature [19]. We infer that if the proposed optimized
electrodes are fabricated by traditional micromachining
techniques to be used for droplet dispensing and split-
ting, the volume precision and accuracy of the droplets
may not be much different from the method in the litera-
ture [19] and are better than all other methods. In addi-
tion, the electrode control is simpler than that of Table 1,
especially compared with the literature [18] and [19]. The
most critical point is that there is no need to increase the
difficulty of chip fabrication and integrate a complex
capacitive feedback system.

5 Conclusion

A novel droplet dispensing and splitting scheme is pro-
posed. The dispensing and splitting electrodes were opti-
mized to meet the three criteria for dispensing and split-
ting droplets with high volume precision and accuracy,
which accords with the volume requirements of droplet
dispensed and split in many biological applications.
Compared with the traditional dispensing scheme with
square electrodes, the volume inconsistency of droplets
is decreased by at least 5 times and the inaccuracy by at
least 10 times in our proposed dispensing scheme. In
droplet splitting operation, the volume inconsistency of
the child droplets is reduced by about 7 times by the
optimized electrode scheme. The improvement of droplet
dispensing and splitting performance is mainly due to the
fixed position of the pinch-off point, the elimination of
the liquid tail, and the uniform and stable shape of the
droplet neck before pinching off. More importantly, the
neck length of the droplet and the neck curvature at
the pinch-off point are increased with the increase in the
cutting electrode radius, which effectively improves the
precision and accuracy of the droplet volume. The opti-
mized splitting scheme can not only greatly improve
the performance of equal volume splitting, but also be

effectively used for the droplet splitting with unequal
volume.
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